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We show, by means of low-energy muon spin rotation measurements, that few-unit-cells thick
La2CuO4 layers synthesized digitally by molecular beam epitaxy synthesis are antiferromagnetically
ordered. Below a thickness of about 5 CuO2 layers the long-range ordered state breaks down, and
a magnetic state appears with enhanced quantum fluctuations and a reduced spin stiffness. This
magnetic state can exist in close proximity (few A˚) to high-temperature superconducting layers,
without transmitting supercurrents.
By reducing the dimensionality of a solid, its elec-
tronic states and physical properties can be drasti-
cally modified, but these changes are not easy to pre-
dict for strongly correlated electron materials. For
example, in thin interfacial layers inside oxide het-
erostructures a host of electronic states were discov-
ered experimentally – a high-mobility 2D electron gas
[1], magnetism [2], quantum Hall effect [3], and in-
terface superconductivity between insulators [4]. In
metal-insulator (MI) bilayer La1.55Sr0.45CuO4/La2CuO4
heterostructures (LSCO-LCO), where none of the con-
stituents is superconducting, interface superconductivity
with Tc ≈ 30 K has been discovered recently [5].
Up to now these studies used probes that are sensi-
tive to charge but tell little about the microscopic mag-
netic state. For instance although it is known that 1 unit
cell of LCO sandwiched between two optimally doped
LSCO layers is still insulating [6], one can only specu-
late about its magnetic state. LCO is assumed to be
close to the realization of a spin-1/2 isotropic Heisenberg
antiferromagnet on a square lattice (2DHAF), since its
in-plane exchange constant, J , is about 104 times larger
than any other exchange coupling present. Bulk material
shows antiferromagnetic (AF) long-range order (LRO)
below a Ne´el temperature of TN ≃ 310 K [7, 8]. In thin
films reducing the thickness results in a decreased TN [9],
whereas strain seems to play only a minor role [10]. In
the 2D limit, at any finite temperature LRO will be de-
stroyed by thermal fluctuations [11, 12]. P.W. Anderson
proposed that for the 2DHAF [13] even at T = 0 quan-
tum fluctuations destroy LRO; instead, a quantum spin-
liquid – the resonating valence bond (RVB) state – should
form. Chakravarty, Halperin, and Nelson [14] solved the
2DHAF in the long wave limit and arrived at a differ-
ent picture. The phase diagram is basically controlled by
the temperature and the spin stiffness, ρS, and only part
of the phase diagram is dominated by quantum fluctua-
tions (quantum disordered regime), whereas in the other
part the spin correlation length, ξ(T ), grows exponen-
tially by lowering the temperature (renormalized classical
regime, RC). Indeed, measurements of ξ(T ) in the para-
magnetic phase (T > TN) of bulk LCO revealed that it
follows the RC behavior [15, 16]. While numerical simu-
lations support the long-wave-limit calculations [17, 18],
it has been argued [19–22] that small deviations from
the ideal 2DHAF, due to frustrating second-neighbor ex-
change, charge carrier doping, defects, etc., could reduce
ρS and thus enhance the effect of quantum fluctuations,
preventing the spins from acquiring LRO.
In this Letter we present a study focusing on the mag-
netic state of LCO layers within MI LSCO-LCO superlat-
tices (SLs), where the number of CuO2 layers within the
LCO stack can be varied to approach the 2D limit. To
probe AF order and magnetic fluctuations we used po-
larized low-energy muons as a local probe. Low-energy
muon spin rotation (LE-µSR) [23] can detect supercon-
ductivity and/or magnetism, either static or fluctuating,
even in ultrathin layers [24]. We show that down to
about 5 CuO2 layers LCO acquires LRO at low enough
temperatures. Below this thickness, LCO enters a dif-
ferent magnetic state, characterized by short-range cor-
relations, and increased magnetic fluctuations. This in-
dicates a cross-over to a quantum disordered regime in
this 2DHAF model system. Furthermore, we show that
this magnetic state exists in close spatial proximity to
superconducting layers.
We have synthesized and studied a series of sam-
ples that contain ultrathin, isolated layers of LCO.
The synthesis was carried out by means of an atomic-
layer-by-layer molecular beam epitaxy (ALL-MBE) sys-
tem equipped with in-situ surface science tools. ALL-
MBE allows for synthesis of complex heterostructures
in which the thickness of individual layers can be con-
trolled down to a single atomic layer [6, 25]. We digi-
tally varied the thickness of LCO layers alternating with
metallic La1.56Sr0.44CuO4 (LSCO) layers. Counting in
1/2-unit-cell (UC) increments, each of which contains
a single CuO2 plane, the investigated SLs have the re-
2peat structure [3LSCO+6LCO], [3LSCO+9LCO], and
[3LSCO+12LCO], respectively. All SLs were grown on
LaSrAlO4 substrates. The total film thickness was kept
at about 85 nm. The lattice parameters of the SLs ob-
tained by X-ray diffraction are: [3LSCO+6LCO] a/c =
3.796 A˚/13.232 A˚, [3LSCO+9LCO] 3.798 A˚/13.223 A˚,
[3LSCO+12LCO] 3.799 A˚/13.220 A˚. If there is a differ-
ence in the LCO/LSCO sub-units of the SL, they couldn’t
be resolved. The trend of the lattice parameters is con-
sistent with single phase thin films [26]. A detailed anal-
ysis revealed that Sr interdiffusion is limited to about
1 unit cell thickness [5]. Resonant soft X-ray scatter-
ing was used [27] to measure the charge redistribution
along the c-axis in LSCO-LCO superlattices, indicating
a characteristic screening length of about 0.6 nm. Zn
delta-doping tomography on bi-layers confirmed this and
further revealed that the first CuO2 plane from the inter-
face on the LCO side is overdoped, the second one nearly
optimally doped, and the third one heavily underdoped
[25]. Such charge redistribution is in fact expected from
simple model calculations [25, 28]. Mutual induction
measurements confirmed that all investigated SLs have
a superconducting transition temperature Tc ≃ 25K.
To detect magnetism we performed µSR experiments
as a function of temperature under zero-field conditions
(ZF). To quantify the magnetic volume fraction and the
robustness of the magnetic state, as well as to character-
ize superconductivity we applied small magnetic fields
parallel and perpendicular to the ab-planes, always per-
pendicular to the muon spin (“transverse field”, TF). For
each muon spin rotation measurement, a mosaic of four
nominally identical 1 × 1 cm2 samples was used. Fig.1d
shows the muon stopping distributions as used in the
experiments. The time evolution of the polarization of
the muon ensemble A0P (t), which is obtained form the
muon decay spectra (typically from a few million muon
decays) yields information about local magnetic field dis-
tributions at the muon stopping site and their static and
dynamic properties. In case of AF LRO, muon spins
precess in the internal field, Bint, of the electronic mag-
netic moments with a frequency, νµ = (γµ/2pi)Bint (γµ
is the gyromagnetic ratio of the muon), proportional to
the staggered magnetization, and oscillations at this fre-
quency show up in the polarization spectra. The pres-
ence of substantial magnetic disorder (e.g., a frozen spin
glass state) or electronic low-frequency (< 10 MHz) fluc-
tuations leads to a strongly damped A0P (t) due to a
rapid dephasing of the muon spin ensemble. However,
electronic high-frequency fluctuations (> 100 MHz) will
only lead to a weak depolarization of A0P (t) (motional
narrowing regime [29]).
ZF polarization spectra are shown in Figs. 1a and 1b
for [3LSCO+12LCO] and [3LSCO+9LCO], respectively.
In [3LSCO+12LCO] we observe static AF order, evident
from the spontaneous zero-field precession signals (Fig.
1c). The internal field, Bint = 39.0(8) mT, is equal to
FIG. 1. (a)–(c) µ+ spin-polarization spectra, A0P (t), for zero
applied magnetic field. (a) A0P (t) for the [3LSCO+12LCO]
SL. The T = 40 K spectrum (upper curve, red online) is
Gaussian like, whereas the T = 5 K (lower curve, blue
online) is more exponential-like, which indicates enhanced
spin dynamics at lower temperatures. (b) A0P (t) for the
[3LSCO+9LCO] SL. Here A0P (t) shows only a very weak
additional exponential contribution at T = 5 K compared to
[3LSCO+12LCO], and no zero-field precession is observable.
For details see the text. (c) enlarged scale and different bin-
ning for [3LSCO+12LCO] showing zero-field precession sig-
nals, i.e. a well defined static internal field at the muon
site. The T = 40 K and T = 200 K curves are shifted up
by 0.02 for clarity. (d) The µ+ stopping distributions n(z),
used in the experiments. The yellow stripes represents the
LCO, the green ones the LSCO within the SL, shown for
[3LSCO+12LCO].
what is observed in single-phase LCO films [9] and bulk
samples [30], thus showing that the full electron magnetic
moment is present. The magnetic volume fraction esti-
mated from the oscillatory amplitude of A0P (t) shows
that about 1/4 of the film volume is magnetically or-
dered. From this, we can estimate the magnetic layer
thickness to be dmag ≈ 3 nm (4–5 CuO2 layers), which is
in quantitative agreement with simple model calculations
taking into account Sr interdiffusion and charge redistri-
bution between the M and I layers [5, 28]. According to
the model, the inner 5 CuO2 layers have doping levels of
x < 0.006 and lie well within the AF part of the phase
diagram (TN → 0 for x & 0.02). The model also pre-
dicts that one or two nominally insulating CuO2 planes
at the interface will have doping levels corresponding to
3the superconducting part of the LSCO phase diagram.
Our measurements of the superconducting properties
of these SLs by LE-µSR provide a further independent
confirmation of the presence of interface superconductiv-
ity and of the charge levels in the SLs. From the ab-
sence of Meissner screening of a magnetic field applied
parallel to the SL (ab-planes) we infer that no super-
currents flow along the c-axis, consistent with supercon-
ductivity being restricted to the interface. The London
penetration depth, λL, was estimated from the increased
muon depolarization rate below Tc when field-cooling the
sample in a field applied perpendicular to the ab-planes.
Assuming a pancake vortex model [31, 32] which takes
into account the layered structure of the SLs, we find
λL ≈ 350 nm which is about 1.5 times larger than λL of
optimally doped bulk LSCO [33]. Using the clean limit
relation for the superfluid density nS =
1
µ0
m
e2
1
λ2
L
, we find
an averaged superfluid density of about half the value of
optimally doped LSCO, again in satisfactory agreement
with the charge transfer model.
In contrast to the [3LSCO+12LCO] SL no signs of
spontaneous ZF precession — and hence no evidence
for static AF LRO — are found down to T = 5K in
[3LSCO+9LCO] and [3LSCO+6LCO]. Fig. 1b shows the
ZF time spectra for the [3LSCO+9LCO] sample. At
T = 40K, A0P (t) shows a Gaussian depolarization typ-
ical for nuclear dipole fields. At T = 5K an addi-
tional very weak exponential component appears. The
dash-dotted line shows the expected A0P (t), assuming a
doping level x calculated from the charge redistribution
model and using experimental parameters from measure-
ments on single-phase films with the corresponding x val-
ues. Clearly, the predicted and measured spectra differ
in two major features: the experimental data show no
spontaneous precession and no sign of a fast initial de-
polarization is visible. The former points to the absence
of static LRO, and the latter indicates that even static
disordered magnetism, which would lead to a fast depo-
larization, is significantly suppressed.
To further investigate the magnetic state we estimated
the magnetic volume fraction in the samples by measur-
ing A0P (t) in a weak magnetic field applied transverse
to the initial muon polarization. In this case A0P (t) can
be written as [34]:
A0P (t) = AT exp[−(σt)
2/2] cos(γµBtott+φ)+ALe
−λt cos(φ),
(1)
where AT, σ and AL, λ are the asymmetries and cor-
responding depolarization rates, transverse and paral-
lel to the total field Btot = |〈Bext + Bint〉|, while φ is
the detector phase. λ was negligibly small in all mea-
surements. AL is a measure of the presence of static
magnetism (ordered or disordered) and its volume frac-
tion. For instance, in the case of static magnetic or-
der with an underlying isotropic magnetic field distri-
bution and 100% volume fraction AL/A0 will grow to
1/3. In contrast, AT/A0 would drop to zero in the mag-
netic phase. In any para- or diamagnetic sample, AL
will be identically zero at all temperatures. The result-
ing magnetic layer thicknesses can be estimated from
the relation dmag ≈ (3 + n)(c/2)(1 − AT/A0), where
n = 6, 9, 12 depending on the SLs, and AT/A0 is shown
in Fig. 2a. The estimated magnetic layer thicknesses for
n = 6, 9 is dmag ≈ 0.4–1 nm (≈ 1–2 CuO2 layers), again
in agreement with the calculated charge distribution (in-
ner layer doping estimate: [3LSCO+9LCO] x < 0.008,
[3LSCO+6LCO] x < 0.025). Since the inner layer dop-
ing of the [3LSCO+6LCO] is at the border of the AF
region, it will not be discussed here.
For [3LSCO+9LCO] AL is drastically reduced, and
both AL/A0 and 1−AT/A0 show only a small deviation
from zero below 50 K. This behavior is typical for fast
fluctuations where AL is vanishing at all temperatures.
We ascribe this difference, together with the absence of
a ZF precession and the very weak initial drop of A0P (t)
(Fig. 1b), to increased fluctuations in ultrathin LCO lay-
ers, which prevent the formation of either LRO or a static
disordered magnetic state (e.g. spin glass).
These fluctuations are not expected within the RC
regime. The following estimate indicates that they are
of quantum nature. Within the RC regime ξ is given
as: ξ(T )/a = 0.5 exp(1/y)
[
1− y/2 +O(y2)
]
, with a
the in-plane lattice constant, y = kBT/(1.13J), and
J/kB ≈ 1500 K for LCO. At T ≈ 150 K, ξ/a > 10
4
which should result in a quasi-static magnetic state,
i.e. either ZF precession or, in the strongly disor-
dered case, a strong initial depolarization should be ob-
servable. Both are absent in the [3LSCO+9LCO] and
[3LSCO+6LCO] SLs down to the lowest temperature.
The same conclusion is reinforced by the fact that the
time-independent component AL/A0 is drastically re-
duced, when decreasing the number of CuO2 planes in
LCO (Fig. 2b) and by application of increasing mag-
netic fields (Fig. 2c). Assuming a random static in-
ternal field within the CuO2 planes, the magnetic field
dependence of AL(b) ∝ 1/(2[1 + b
2]) with b = Bext/Bint.
The expected ratio R ≡ AL(Bext,2)/AL(Bext,1)|T→0 for
Bext,1 = 3mT, and Bext,2 = 10mT and the measured
internal field of Bint = 39mT is R = 0.94, however, for
the [3LSCO+12LCO] a value of R = 0.76(1) is found (see
Fig. 2c). This drastic reduction can only originate from
fluctuations and cannot be due to disorder. In order to
see if unexpected doping, i.e. deviations from the simple
charge-transfer model, could lead to such a strong modifi-
cation of the magnetic state, we performed the same mea-
surements on 53 nm thick single phase La1.97Sr0.03CuO4
films and find R = 0.95(2) in the so-called cluster-spin
glass phase. This is in excellent agreement with the static
model estimate, indicating that the strong reduction of
R in the SLs is due to dimensional effects, i.e. increased
magnetic fluctuations, and not due to charge-transfer ef-
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FIG. 2. (a) Normalized transverse (AT/A0) and longitudinal
(AL/A0) asymmetry as function of temperature for the differ-
ent SLs, obtained from weak transverse field measurements in
Bext = 10mT. Open symbols belong to left, closed symbols to
the right axis. Red symbols: [3LSCO+12LCO], blue symbols:
[3LSCO+9LCO]. Note: for non-magnetic samples AL ≡ 0.
The shaded area shows the region where the superconduc-
tive transition takes place: [3LSCO+9LCO], Tc = 25.0K,
[3LSCO+12LCO], Tc = 24.0K. (b) AL/A0 versus tempera-
ture for different external fields Bext for the [3LSCO+12LCO]
SL, for field cooling (FC) and zero-field cooling (ZFC). The
pronounced reduction of AL/A0 between 3 mT and 10 mT is
due to a strong reduction of the spin stiffness compared to
bulk LCO.
fects or disorder.
Another estimate further supports our finding: from
the known magnon dispersion [35] in LCO one can put a
lower limit on the magnon wavelength that can be ther-
mally excited at T = 5 K to about 1 µm, and this is
the length scale on which magnons would destroy static
long-range AF order. Experimentally, we see the absence
of LRO on the length scale of less than 5 nm (local order
on this length scale would lead to ZF muon spin pre-
cession or strong damping), this requires the presence
of very short-wavelength, high-energy (∼ 100 meV) AF
fluctuations, which at T = 5 K can only be of quantum
nature.
All these findings show that LCO within these SLs
is not in the RC regime (as is the case for bulk LCO
for T > TN), i.e. the spin stiffness of the AF state is
drastically reduced. Currently we do not know what is
the reason for this strong reduction of the spin stiffness,
however we can rule out that it is caused by disorder.
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